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To design power devices, breakdownfield is one of the most important material param-
eters. For 6H- and 4H-SiC along t,he (OOO1)direction, the breakdownfields [1. 2] as well

as the impact, ionization coefiicients [3, 4] of electrons and holes have beenmeasured, and
it was found that holes primarily involve in avalanche multiplication. The breakdown
field is also knownto have anisotropy: in 6H-SiC the breakdownfield along the (1120)

direction is approximately two thirds of that along the (OOO1)direction [5]
.

However, the

anisotropy of breakdownfield in 4H-SiC has not been reported. In this study, the break-

downflelds along various crystal orientations in 4H-SiC were measured. In addition, the

breakdownfields along the (OO1>direction in 3C-SiC and its corresponding directions in

4H- and 6H-SiC were also invest,igated.

To measurethe breakdownfield, epitaxial p+n diodes were fabricated. Employing mesa
struct,ure, wecan assumeparallel-plane breakdownif the depletion region does not reach

the bot,tom of mesa. Thesubstrates used in this study were4H-SiC (OOO1)with 8' off-axis

toward (11~0) and 4H-SiC (11~0) from Cree Research, Inc., 6H-SiC (O114) and 4H-SiC
(0338) from SiXONLtd., and high-quality 3C-SiC (OO1) grown on undulated Si from

HOYAcorporation [6]. 6H-SiC (O114) and 4H-SiC (0338) are semi-equivalent to 3C-SiC
(OO1) in the sense that these faces are inclined by 54.7' toward (O110) from (OOO1)and
(OOO1), respectively. The epilayers were grown simultaneously in a horizontal cold-wall

CVDreactor using SiH4 and C3H8as source gases and H2 as a carrier gas. Nitrogen and
trimethylaluminum were used as doping sources for n- and p+_layers, respectively. The
doping concentration and the height of mesawere designed for 4H-SiC (OOO1)

.
In general,

more nitrogen atoms are incorporated into other faces than (OOO1), which reduces the

width of the depletion regions, Ieading to moreaccurate measurements.

Figure I showstypical I-V characteristics of the diodes fabricated on 4H-SiC (1120) and
(0338) measuredat room and elevated temperatures. The breakdownvoltage clearly

increases with increasing t,emperature, suggesting avalanche breakdown. The diodes

fabricated on 6H-SiC (O114) showedsimilar tendency.

Figure 2showsthe breakdownfields calculated from the avalanche breakdownvoltages at

roomtemperature, together wit,h the breakdownfield in a literature [3]
.

Thebreakdown
flelds along 4H-SiC (11~0) and 4H-SiC (0338) were found to be about 75%of that

along 4H-SiC (OOO1). For 3C-SiC, the breakdown fleld along (OO1) should be at least,

the preliminary value found in Fig. 2 for the thickness of about 10,~m, but might be
somewhathigher, since the yield of the diodes fabricated on 3C-SiC was muchlower

than those on other polytypes.

The authors would like to thank SiXONLtd. for supplying 6H-SiC (O114) and 4H-SiC
(0338) substrates. The authors are grateful to HOYAcorporation for providing high-

quality 3C-SiC (OO1) substrates.

-313-



[1]

[2]

[3]

[4J
[5]

[6]

J. A. Edmond,D. G. Waltz, S. Brueckner, H. S. Kong, J. W.Palmourand C. H. Carter, Jr.:

Proc. First International High Temp. Electron. Oonf. (1991) 505.
J. W.Palmour, C. H. Carter, Jr., C. E. Weitzel and K. J. Nordquist: Mat. Res. Soc. Proc.,
339 (1994) 133.
A. O. Konstantinov, Q. Wahab,N. Nordell and L. Lindefelt: J. Electron. Mater., 27 (1998)
335.

R. Raghunathan, and B. J. Baliga: Solid-State Electron., 43 (1999) 199.
A. P. Dmitriev, A. O. Konstantinov, D. P. Litvin and V. I. Sankin: Fiz. Tekh. Poiuprovodn.,
17 (1983) 1093. Translation: Sov. Phys. Semicond., 17 (1983) 686.
H. Nagasawa.K. Yagi and T. Kawahara: presented at 13th Intern. Conf. on Crystal Growth
(2001).

E O~
~>Hco

~0.5

zUJ
O
Hz ~1

LU
oC
OE

~-1.5

~~~(~:~~(
co Cv) co co
r\ c\t l\ o)
~r ~t co QJ

17Nd=1.8 x IO cm~3

I
Ix

$i ~Eu200

'..~i : h-fTfz

~Ioo~i T~05
' a:z$' I :~UJ

$f~ :oo o

4H-SiC (1 120)
,
I
X

~
293K

f
x
l

I
r
I

~l

l

~
I
I

o 1 2 3 4
I VOLTAGE/V
-1 50 -1 40 -1 30 -1 20 -1 1c-1 1O

~
Eo
~>H~5

zLLJ -0.5

o
HzLLl

a:
oc
:D
o _1 1O -1 OO

VOLTAGE/V
of diodes fabricated on 4H-SiC (1120)

temperatures. Insets show forward I-V

~~e~(~COCOCOQO~ c\, ~ o) 17 3
~r ~t co c\J Nd=1.8 xlO cm~

4H-SiC (0338)O

-0.5

j c~E 300~t~
293K~"a~ o~~~;i

~~
1)

' ;H~200

a:a) 100
~t~/tjt

O 1 2 3 4
IF('il a::)zuJ

0'3 o
VOLTAGE/V

-1 40 -1 30 11O -1 OO-1 20 -

VOLTAGE/V
Figure 1: Typical reverse I-V characteristics
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Micropipe is the most serious defect in SiC crystal which is included in 10' to lO' /cm'

in commercial wafers, and it is well knownthat a micropipe in a substrate propagates into

the epilayer by epitaxial growth. Its harmful features resulting from the early breakdownof

pn diode and Schottky diode were reported. [I ,2] Therefore, aiming at developing large

capacity devices with high yield, It is necessary to decrease micropipe density.

Recently, weconfirmed that somemicropipes dissociated into several closed core

screw dislocations through CVDgrowth. [3] In that study, KOHselective defect etching

was applied for crystallographical evaluation. Continuous micropipe indicated large

hexagonal etch pit with dark contrast, whereasdissociated micropipe showedseveral small

assembledor aligned etch pits that were round in shape, which attributed to closed core

screw dislocations dissociated from a micropipe. Theprobability of micropipe dissociation

reached as high as 78%in the best result for an area of over 80mm'.

With regard to vertical device application, a continuous hollow tube across the

depression layer wasclosed by epigrowth; i.e, the SiC filled the entire depression layer

instead of tubal air portion. Accordingly, an improvementof the electrical properties of the

diode was expected as a result of the micropipe dissociation, even though several non-

hollow core dislocations were generated. For this purpose, the electrical properties of the

diodes fabricated on the epilayer have been investigate in this study.

Ni- Schottky barrier diodes in 0.5um diameter with no edge termination were
fabricated on 4H-SiC epilayer. The 21um-thick epilayer was obtained using the radiant

heating reactor with a growth rate as high as about 14um/h. [4] Doping type and

concentrations were determined as n-type -5xlO"cm~3 by C-V characteristics. Nomarsky

optical microscope observation and KOHetching were used for morphological and

crystallographical study.

Continuous and dissociated micropipes accompaniedby a linear depression along a
[1 120] step-flow direction were visible on the epilayer surface. Therefore, the presence or

absence of micropipes within the device area was recognized by the Nomarskyoptical

microscope. Micropipe dissociation and penetration was also checked using the KOH
technique and transmission optical microscope observation after removing Ni contact.

I-V characteristics were investigated with reverse voltage up to - 1000V. Fig. I and

Fig. 2show the I-V characteristics of the diodes including dissociated and continuous

micropipe, respectively. Comparing electrical properties between dissociated and

continuous micropipe, significant improvementof blocking performance was recognized

for micropipe dissociation. The diode including dissociated micropipe blocked -1000V,

whereasthe diode involving continuous micropipe failed at or below -400V.
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Morphological observation of the diode reached to the breakdownrevealed that the
breakdowncurrent waspassed through the micropipe, because the Ni contact wasmelted
at the point on the micropipe.

The leakage current at -1000Vof the diodes including dissociated micropipes ranged
from 10-6 to 10-2 A/cm2, whereas, the best-performing diode with no micropipe suppressed
its leakage current as low as 10-6 A/cm2. Wide differences in the leakage current were
presented betweenthe diodes with dissociated micropipes, which might have dependedon
the amountof non-hollow core dislocations, howeverfurther study on this is needed.

The maximumelectrical field at the device surface fabricated on a net carrier

concentration of -5xl015 cm~3and a 21um'thick epilayer wascalculated at reverse voltage
-200V, -400V and -1000V as 0.6, 0.85 and 1.33 MV/cm.Thus, the layer on dissociated
micropipes sustained up to 1.33 MV/cm,whereas the epilayer of continuous micropipes
failed below 0.85MV/cm.This attributed to the material-changing effect in the depression

area from air in the tubal defect to the SiC in the closed core dislocations.

0.6 0.85 MV/cm
15(@5xro /cm3)

*'s l02
_c'

I0~3

~h continuous

~ _,
micropipe

~~) Io

Q
c~ Io~ Nomicropipe
*
~ lo~G

Fig. I I-V characteristics

o of diodes including200 400 600 800 1ooo
ReverseVottage (v) continuous micropipe

(@5xrol5 /cm3)
1.3 3MV/cm
~

s
o~
;h

"se)
c:)

IE;

~
(J

10~2

10~3

10~4

1O~s

1o~e

Dissociated micropipe

Fig. 2
o zoo 400 600 800

ReverseVoltage (V)
1ooo

I-V characteristics
of diodes including
dissociated micropipe

[I] P.G, Neudeckand J.A. Powell: IEEEElectron Device Lett. 15 (1994) 63.
[2] Q. Wahab.A. Ellison, C. Hallin, A. Henry, J. Di Persio, R. Martinez and E. Janzen: Materials Science
Forum338-342 (2000) I175.
[3] I. Kamata. H. Tsuchida, T. Jjkimoto and K. Izumi: Jpn. J. Appl. Phys. 39 (2000) 6496.
[4] H. Tsuchida, I. Kamata,T. Jjkimoto and K. Izumi: Materials Science Foru'n 338-342 (2000) 145,

-316-



Technical Digest of'Int'l Conj, on SiC andRelated Materials JCSCRM200]-,Tsukuba, Japan, 200] WeB3-3

Analysis of High LeakageCurrents in 4H-SiCSchottky Barrier Diodes
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SiC Schottky barrier diodes (SiC-SBDs) havebeen expected to replace Si pin diodes
by utilizingtheir properties with very low reverse recovery currents and high blocking
voltages identical to Si pin diodes. However, there are several unsolved problems to

show the great advantages against Si pin diodes. Oneof the challenges is to fabricate
reproducible SBDSWith low leakage currents especially in SBDSWith large areas.

Wehave reported that these highly leaked SBDSinclude bright spots of optical beam
induced current (OBIC) at the Schottky interfaces [1J• In this paper, we observed the

cross sections under the bright spots of OBICusing cross sectional transmission electron
microscopy (TEM) to clarify the origin of the bright spots. The dark regions due to the
strain of the 4H-SiC crystal could be seen only under the bright spot of OBIC. These
strains might be the cause of the high density of the deep levels, which could be the
bright spots.

N-type 4H-SiCwafers, in which the c axis tilts 8degrees to (11-20) direction, were
purchased from Cree Research Inc. Epitaxial layers with the doping concentration of
1015cm~3were grown on (OOO1)Si face by hot wall LPCVDsystem [2]. After the
implantation of guard rings, backside Ohmic contacts were formed with patterned
windows, which correspond to the areas of Schottky contact. Schottky contacts were
formed by sputtering of nickel and following annealing.

After the measurementsof current-voltage characteristics of SBDs,OBICmeasur~
mentson the Schottky contacts were carried out from the polished backside of the wafer.
The system is equipped with a He•Ne laser with a wavelength of 632.8nm (1.96eV).
Since the energy is lower than the bandgap of 4H~SiC, the laser can only excite carriers

captured by the deep levels in the band gap. After putting marks byfocused ion beam
(FIB) close to the bright spots of OBIC, the sidewalls of the wafer were etched by FIB to

observe the crystallinity under the Schottky interfaces using cross sectional TEM.

OBICimages at the Schottky interfaces are shownin figure I in thecase of high and
low leakage currents. Bright spots could be observed at the Schottky contact with high
leakage current as shownin figure 1(a). To the contrary, no bright spots appearedon the
Schottky interface with low leakage current as shownin figwe 1(b). A cross sectional

TEMimage, which includes the bright spot of OBICpointcd in figure 1(a), is shownin

figure 2(a) with a normal region of TEMimage for reference in figure 2(b). The dark
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regions with the size of 0.2 - O.3um, which are due to the crystal strains, could be
observed under the Schottky interface. It can also be recognized that the thickness of the

nickel film is not uniform over the distance of morethan10umaround the bright spot of
OBIC. These results might be the origin of the bright spots of OBIC. Further
investigation will be presented on the view of step bunching and the fabrication process.

References
[1] T.Tsuji, R.Asai, K.Uenoand S.Ogino, Materials Science Forumvols.338342 (2000),

pp.1195-1198
[2] H.Tsuchida. T.Tsuji, I.Kamata. T.Jikimoto, H.Fujisawa, S.Ogino and K.Izumi,
Materials Science Forumvols.353-356 (2001), pp.131-134

Figure I OBICimages at the Schottky interface in the case of high leakage current (~

and low leakage current (b)

Ni

Figure 2Cross Sectional TEMimages under the bright spot of OBIC(a) and under the

area without bright spots of OBICfor reference (b)
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Electrical activity of residual boron in silicon carbide
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Control of residual boron in silicon carbide is an important issue whengrowing low doped
crystals. However, the electrical properties of this commonacceptor and its influence on
material properties are little known. This is most probably due to the fact that sensitive

electrical measurementtechniques such as deep level transient spectroscopy (DLTS) are
often limited to majority carrier traps and can not detect residual acceptor impurities in n-type
material. DLTSmeasurementsof p-type SiC are difficult to perform due to low temperature
freeze-out of deep acceptors. In this work we have used minority carrier transient

spectroscopy (MCTS)to avoid above mentioned complications. This technique does not
require apn junction in order to inject holes into depletion region, but uses above-bandgap
illumination to create electron-hole pairs. A Schottky contact can then be used for the

capacitance transient measurements.

Wepresent a study of the boron acceptor in n-type CVDgrown4Hsilicon carbide. Using
MCTSwe were able to detect the presence of both shallow and deep boron (so called

D-center) in the samples with the activation energies of 0.27 eV and 0.62 eV respectively
(Fig.1). Effective capture cross-sections for holes obtained from the Arrhenius plot are

1.4•l0~13 and 9•10~14cm2 respectively. By filling the traps with holes optically and then
applying DLTSfilling pulses, no noticeable decrease of the MCTSpeaks amplitude was
observed. This suggests that

electron capture is inefficient,

and that both defects act as

very efficient hole trapping

centers with large capture
cross-section. From the

capture cross-sections we
estimate that even a low
concentration in the order of

125•lO -
1013 cm~3would limit

the minority carrier lifetime

to the level of 40 ns. This has
confirmedalso been

experimentally where we
have measured the boron
concentration on different

parts of a wafer with
measuredoptical decay times
ranging from 200 to 500ns
(Fig.1). These measurements
were performed at relatively

high injection, where some
saturation of the trapping
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defects could be possible. The effect on low injection lifetime should be morepronounced.
Optical decay measurementsunder different excitation conditions will be presented.

Wehave also performed a scanning-MCTSexperiment by focusing the laser beamon
different spots of a large Schottky contact. Wewere able to mapthe boron peak in different

selected directions across the samples and compare with the data from minority carrier

lifetime maps(Fig.2). Wehave found a clear correlation between the intensity of the boron
signal and reduction of the minority carrier lifetime. Concentrations of other defects (Zu2,

HSl) do not changeremarkably in the low and high lifetime regions. Somereduction of the
Zl/2 Peakwasobserved in the high-boron regions. This strongly indicates that the presence of
boron is responsible for the observed lateral variation of minority carrier lifetime in high-
quality silicon carbide.
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For bipolar SiC powerdevices the lifetime of the carriers is a very important parameter (for a
5kVp-n-diode a lifetime of approximately 400 ns should be reached). In order to control the

decay time by a non-destructive methodweuse the time-resolved-photoluminescence (TRPL)
at room-temperature to characterize low n-doped 4H-SiC epitaxial layers concerning the

decay time and the homogeneityover the entire area.

Themain part of the excited carriers recombines radiationless. Therefore the measuredsmall

fraction of radiative transitions is used to monitor the whole time behaviour of the

recornbination process.

For this wemovethe sarnple using a steppingmotor driven x-y-table to drawup a mappingof
the luminescence decay after excitation with a short laser pulse. The experimental setup is

shownin Fig. l.

o o
osciuoscope

Lasermirror HR266nm/45'

LL]PMT Computer

EE]
Laser

objective

ste pping-motor-

sample
controner

Futer

x-y-table

Fig. 1.• Experimenta/ setup ofthe TRPL

The excitation source is a frequency quadrupled pulsed Nd:YAGIaser with a maximum
repetition rate of 30 Hz, a pulse width of 4ns (FWHM)and a wavelength of 266 nm. The
penetration depth in 4H-SiCat room-temperature for this wavelength is about 0.5 pmLIJ. The
spot on the samplehas a size of IOxl 5umso that also small structures can be measured.
Unlike most investigations using the TRPL-method[2] weuse no spectral selection of single

wavelengths of the PL-light. All the emitted light is collected by a quartz objective to a
photomultiplier and the signal is recorded by a digital oscilloscope averaging over 150 pulses.

Fig. 2showsa typical signal.

Due to the time response of the photomultiplier we are limited to decay-times longer then

20 ns.
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In this abstract, wedemonstrate first results of the time resolved photoluminescence on
4H-SiC. Substrates and low-n-doped epilayers have beenmeasured.
Themain features are:

- big differences concerning homogeneityanddecay-constants can be observed,

- decay times mostly are in the range of 60 to 150 ns for epilayers and
- decay times up to 535 ns averaged over the measuredarea could be observed on single

samples (Fig. 3).

700

ns

525

350

175

O

Fig 3: Mappingofthe decay
times (after 200ns of the
excitation pulse) of a part of a
4H-SiCepilayer from CREE

Epilayer:

thickness 50 um,
doping 7.5 I014cm~3

References:
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[2] O. Kordina, J. P. Bergman,A. Henryand E. Janz6n, Appl. Phys. Lett. 66, 189 (1995)
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The presence of a large numberof crystalline modifications (polyiypes), which have
identical composition but maymarkedly differ in electrical properties, makesSiC a promising

material for creating various heterostructures. Progress in the sublirnation epitaxy in vacuum
technology enabled fabrication of n-3C-SiC/n-6H-SiC epitaxial heterostructures with good
quality of the 3C-SiC epilayer [1]. Aimof the present study is growih and and investigation

heteropolyiypes 3C-6HSiC pn structures.

Investigated p-n structures were grown by sublimation heteroepitaxy in vacuumon
6H-SiC (OOO1)Lely substrates, X-ray diffractometry confirm presents of SiC films ofthe both

polyiypes. Anohmic contact was formed on p-type re ion by deposition of A1 and Ti and~annealing at 1100"C. Mesastructures with an area 3xlO~ cm2, 104 cm2and 8xl0~5 cm2 were
formed by reactive ion-plasma etching using A1mask

1,o

0,8

0,6

o,4

0,2

0,0

1 :2

o 2 4 6
x, um

8 10 12

Fig. I .
Line profiles of secondary electron (1) andEBIC(2) signals for iuvestigated diodes.

The diode cross sections were s~died by the methods of e]ectron beaminduced
current (EBIC) and secondary electrons (SE) in a JSM-50Ascanning electron microscope. In

the SE mode, two regions with SE signal jump were observed aFig. l). One of these

corresponds to the p-3C SiC--n- 6HSiC heterojunction, and the other, to n-6H SiC-n+ 6H-
SiC substrate junction. In the given case, the SEsignal jumpwasabrupt andexactly coincided
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in position with the peak in the EBICcurve, thereby indicating that the given p--n junction is

abrupt. The investigations demonstrated that the p-regions of diodes is homogeneous.

C-V characteristics of the diode was linear in coordinate C~2-U, which meanthat

obtained pn junction was abrupt. The concentration Nd-Nawas 1-2xl017 cm~3 in n-type

layers, and Na-Nd- 3 lOrs cm~3on the surface of the p-type region. Capacitance cut of

voltage (Ucc) was2,65 i 0,05 Vfor this diodes
.

It wasshown, that at low current densities the

dependenceof the current on voltage is exponential: J= Jo exp(q V/nkT). The ideality factor is

about 2. I--2.4.
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2~ 3000
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Fig.2 Electroluminescence spectra at forward current 70 mA.T= 300K(1); 600K(2)

(curve 2is shifted up on 1000units)

Electroluminescence bands with hv~* -- 2.9 eV and hv~^ * 2.3 eV are observed

simultaneously in the diodes in temperature range 300-600 K (fig.2). TheseELbands in 3C-

SiC and6H-SiCare usually considered to be due to the free exciton annibilation.

The determined, from U.' value and Fermi level position, banddiscontinuities AEC=
0.55 :!: 0,05eV and AEV= O.

.
.0.05 eVare in goodagreementwith theoretical calculations [2]

and experimental electron affinity values for 6Hand3CSiC [3]• The low AEVvalue does not

hinder hole injection from p+ 3CSiC into n-6H SiC. At the sametime, injection of electrons

from the wide bandgapmaterial into that with narrow bandgap is also possible. Thus, the EL
spectrum of such a structure maycontain emissions bands associated with recombination in

both 6Hand 3CSiC, which is the case in the experiment.

The estimated band structure confirm the possibility in principle of creating a field-

effect transistor with 2Delectron gas (HEMT),basedon the 3C--6HSiC heterojunction.
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